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Data are presented t h a t  are important i n  the  - TI 
design of e l ec t r i ca l ly  propelled spacecraft. An 
explanation is given f o r  what bas been done v i t h  
regard t o  t he  power-conditioning equipment for 
small ion rockets up t o  3 kw including the problems 
encountered. 
50-kw electron-bombardment and contact-ionization 
rockets i s  presented, although engines of this 
s i z e  have not been tested.  
quirements a re  presented i n  a form compatible with 

The expected power d is t r ibu t ion  of 

The e l e c t r i c a l  power re- 

system studies.  4- 
momm10iq 

Elec t r ic  propulsion is i n  a state o f ,  ear ly  de- 
Some basic research is still  being car- velopment. 

ried out i n  this area, but e f fo r t  t s  beginning to- 
ward development of cmple te  systems. The system 
developer needs t o  know t he  par t icu lar  problems 
associated with integrating ion thrus tors  into a 
propulsion system. T h i s  paper attempts t o  s p e l l  
out some of t h e  problems tbat have occurred i n  pre- 
vious system developnents and sme of the fac tors  
t o  be considered i n  la rger  systems. 

Papers published previously by Brewer and 
Workl have described a small ion rocket system that 
is  presently being developed by the Iiughes Research 
Laboratory fo r  NASA. Childs and Cybulskiz have de- 
scribed t h e  present and fu ture  f l i g h t  plans of NASA 
for which ion rockets a r e  being developed, although 
some of t h e  dates have been modified since publica- 
t ion.  

The f i r s t  part  of this paper deals with t h e  
system development f o r  b a l l i s t i c  t e s t ing  of t w o  
d i f fe ren t  types of ion rockets. The power- 
conditioning requirements, problems involved with 
power conditioning, and the corrective action a re  
discussed. Also, t h e  small amount of development 
work on s l i g h t l y  l a rge r  systems that has been 
started is presented. 

Finally, t h e  e l e c t r i c a l  requirements of a 
s ing le  30-kw ion rocket a re  discussed. Ion rockets 
of t h i s  s i z e  have not been tested,  but this discus- 
sion serves t o  point out t h e  par t icu lar  problems 
expected when power-conditioning equipment is 
scaled t o  la rger  sizes.  The power d is t r ibu t ion  and 
t h e  types of loads a re  presented as well as the  re- 
quired regulation. No attempt has been made t o  

- 
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System," ARS Paper 2653-62. 

Work, "An Ion Engine 
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prove that these requirements a r e  optimized with re- 
spect t o  system considerations. 

sm 1 
Payload 

Space Elec t r ic  Rocket Test  ( S m )  is an NASA 
program t o  test ion.rockets in b a l l i s t i c  f l i gh t s .  
The f i r s t  f l i g h t  is scheduled f o r  t he  t h i r d  quarter 
of 1964. 
launch a 350-lb payload containing two ion rockets. 
F i f t y  m i n u t e s  of engine operation w i l l  be obtained 
above 200 n miles. During this time, each of t h e  
thrus tors  w i l l  be operated separately, and engine 
performance data w i l l  be telemetered t o  a ground re- 
ceiving s ta t ion .  

A four-stage Scout vehicle w i l l  be used t o  

The payload package w i l l  be sp in  s tab i l ized  at 
about 100 rpm. The tuu thrus tors  a re  mounted t o  
produce opposite torques about t h e  spin axis. The 
thrust can be computed from t h e  change i n  spin speed 
wer t h e  length of t h e  test. A sketch of t h e  pay- 
load capsule is shown i n  Fig. 1. 

Thrust ors 

One of t h e  thrus tors  t o  be tested i n  t h e  SHlT 1 
f l i g h t  uas developed a t  t h e  NASA Lewis Research 
center.' me power conditioning for this thrus tor  
was developed under NASA contract by t h e  T R W  Elec- 
tromechanical Division. 
t r o n  bombardment of mercury vapor t o  produce ions. 
The other th rus tor  is  being developed a t  t h e  Hughes 
Research Laboratory under NASA contract.' 
conditioning f o r  this thrus tor  vas developed under 
mASA contract by Hughes Aircraft  Coxupany, Culver 
City, CalFfornia. The Hughes thrus tor  employs con- 
tact ionization of cesium vapor passing through hot, 
porous tungsten. 

This th rus tor  employs elec- 

The power 

The pr inc ipa l  thrustor charac te r i s t ics  and 
operating conditions a r e  l i s t e d  i n  Table I. 

Power Conditioning - Contact-Ionization Thrustor 

A achematic diagram of the  Hughes cesium con- 
t a c t  ion thrus tor  and its associated power condi- 
t ioning is shown in Fig. 2. The power requirements 
fo r  this thrus tor  a re  l i s t e d  i n  Table 11. Only t h e  
decelerator electrode is at ground or spacecraft 
potential ,  while t h e  accelerator is at a negative 
poten t ia l  and t h e  r e s t  of t h e  thrus tor  is elevated 
a t  t h e  ionizer potential .  

To convert t he  payload ba t te ry  power t o  t h e  
various a-c and d-c poten t ia l s  with t h e  e l e c t r i c a l  

3H. R. Kaufman, "An Ion Rocket with an 
Electron-Bombardment Ion Source, " NASA TN D-585, 
January, 1961. 
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i so la t ion  required, t h e  design approach (see Fig. 
3A) employs two 2-kc square-wave bridge inverters  
each comnon t o  several  individually regulated out- 
puts ,  Payload space l imitat ion made it necessary 
t o  house t h e  power conditioning i n  four separate 
boxes as shown. Voltage regulation of each supply 
is  accomplished by pulse-width modulation of t h e  
2-kc square wave w i t h  a magnetic amplifier i n  t h e  
primary of t h e  output transformer. Fig. 3B shows 
a t y p i c a l  block diagram. The pulse-width-modulated 
a.c. is transformed t o  desired voltage leve ls  f o r  
a-c loads but rec t i f ied  and f i l t e r e d  f o r  d-c loads. 

Each bridge inverter i s  powered by a square- 
wave driver.  The inverter  dr iver  stage, incorpo- 
ra t ing  overload t r i p  and automatic reset  provi- 
sions, is  switched by a saturable  core 2-kc square- 
wave osc i l la tor .  
by a current transformer clamp t h e  corresponding 
inverter  driver.  After a 2-sec delay, t h e  in- 
v e r t e r  dr iver  is recycled automatically. 

Overloads sensed i n  each bridge 

The design allows each inverter  t o  handle ap- 
proximately one-half t h e  normal load. An overload 
i n  t h e  ionizer  potent ia l  shuts down t h e  number 1 
inverter  thst closes t h e  feed valve t o  prevent ex- 
cess propellant from accumulating i n  t h e  acceler-  
a t o r  region. An excess of propellant would cause 
arcing when t h e  f u l l  ionizer po ten t ia l  was appliedj 
i n  fact ,  it was necessary t o  control  t h e  r a t e  of 
r i s e  of t h e  ionizer potent ia l  (sof t  turn-on) t o  
allow clean out of t h e  thrus tor  electrodes a f t e r  an 
arcing overload shutdown. 
t i o n  has cleared, t h e  feed valve is energized a f t e r  
a delay of a few seconds. 

If t h e  overload condi- 

The magnetic amplifier pulse width modulators 
employ a d i f f e r e n t i a l  amplifier f o r  set and reset  
control; so, essentially,  a l l  t h e  control  is done 
at ground potential .  Current and voltage trans- 
formers provide the feedback s igna l  isolat ion nec- 
essary f o r  most supplies. 

The resistance changes of t h e  heaters a r e  
la rge  (as much as 1 : l O )  during t h e  warmup cycle. 
It was necessary t o  employ a current l imi t  control  
i n  t h e  ionizer heater regulator t o  l i m i t  inver ter  
current u n t i l  the  operating temperature range i s  
reached. 
ed by sensing both load voltage and current and by 
regulating t o  an established load resistance.  

The temperature regulation i s  accomplish- 

A l l  voltage and current measurements a r e  con- 
ver ted t o  a 0- t o  5-v s igna l  f o r  telemetry. 

The power supplies were thoroughly bench 
t e s t e d  with s t a t i c  loads and knife switches t o  
simulate overloads. Many fa i lures  were encountered 
l a t e r  when Hughes integrated t h e  supplies with a 
thrustor .  A n  ion thrus tor  proved t o  be basical ly  
a d i f f i c u l t  load f o r  a semiconductor power supply. 
I n i t i a l l y ,  t h e  Hughes design employed a s ingle  in- 
ver te r  common t o  a l l  supplies, but a f t e r  a siege 
of inverter  t rans is tor  fa i lures ,  it was real ized 
t h a t  t h e  thrustor  overload t ransient  power re-  
quirements exceeded the  t r a n s i s t o r  capabi l i t ies .  
Thus, a two-inverter configuration was employed. 

In  t h e  bridge inverter  a problem was encoun- 
te red  as a result  O f  t h e  turn-off time of t h e  
t r a n s i s t o r s  being greater  than t h e i r  turn-on time, 
creating a short c i rcu i t  during switching. It w a s  
necessary t o  employ c i rcu i t ry  t o  delay t h e  turn  on 

of t h e  dr ive  f o r  a fewmicroseconds. 

Under cer ta in  conditions, ion thrus tors  can 
d r a w  exceedingly high electrode currents. It was 
necessary t o  incorporate rapid shutdown t o  improve 
inverter  r e l i a b i l i t y .  

A second type of overload that proved d i f f i c u l t  
t o  handle is  caused by high voltage arcing between 
t h e  ion thrus tor  electrodes.  
t rans ien ts  created by engine arcing were coupled 
through t h e  interwinding capacitance of t h e  output 
transformers in to  t h e  inverter  and control  electron- 
ics .  Shunting capacitance and zener diodes provide 
some protect ion from these  voltage t ransients ;  a l s o  
e l e c t r o s t a t i c  shielding i n  t h e  transformer proved 
effect ive i n  reducing t h e  t ransients .  

Destructive voltage 

High voltage transformer and f i l t e r  design f o r  
pulse-width-modulated square-wave exci ta t ion proved 
qui te  an art .  It was necessary t o  employ n-wound 
d is t r ibu ted  sect ion secondaries t o  minimize Layer 
voltage stress and leakage inductance. The combi- 
nation of leakage inductances, t h e  e f fec t ive  dis-  
t r ibu ted  capacitance i n  high-voltage transformers 
(due t o  a la rge  turns  r a t i o  and a la rge  number of 
secondary turns)  and t h e  square-wave exci ta t ion 
caused ringing and overshooting. A n - f i l t e r  uas 
necessary because it looked more resistive under 
most load conditions, thus providing damping t o  re- 
duce t h e  overshoot. Then it was necessary t o  in- 
corporate a bleeder of 10 percent t o  load t h e  f i l t e r  
under no-load conditions. 

The reactance of the transformer required cm-  
mutating diodes across each of the  inverter  t ran-  
s i s t o r s  f o r  protection. Capacitance with r e s i s t i v e  
damping was used t o  tune out t h e  inductive effect .  

More integrat ion problems were encountered when 

Careful a t ten t ion  t o  pot t ing techniques 
attempts were made t o  operate t h e  supplies i n  a 
vacuum. 
were necessary. No exposed high voltage terminals 
were allowed because of corona and breakdown 
(Paschen's Law), which occurred due t o  outgassing 
of t h e  supply during evacuation. Teflon insulated 
wire had t o  be etched s o  that plot t ing would adhere. 
Insulation i n  t h e  connectors had t o  be fabricated 
from Teflon instead of t h e  commonly used s i l i c o n  
rubber types as corona leakage would occur due t o  
localized pressure i n  the connector. 

Power Conditioning - Electron-Bombardment Thrustor 

A schematic diagram of t h e  Lewis  mercury- 
electron-bombardment ion thrustor  c i rcu i t  and i ts  
associated power conditioning i s  shown i n  Fig. 4. 
The individual power requirements f o r  t h i s  th rus tor  
a re  l i s t e d  i n  Table 111. Some of t h e  required power 
is  furnished d i r e c t l y  from isolated ba t te r ies .  

Basically, t h e  TRW design approach (see Fig. 
5A) d i f f e r s  from Hughes i n  t h a t  it employs a number 
of smaller inverters  instead of two la rger  ones. 
It should be pointed out, however, that t h e i r  power 
output of 1 . 4  kw is greater  than t h e  Hughes supply 
of 750 w. Each high-voltage supply (see Fig. 5B) 
employs t w o  inverters  (one being pulse width modu- 
la ted  for  regulation) with t h e  secondaries of t h e i r  
output transformers' connected i n  ser ies  adding. 
The pulse width modulated inverter  i s  operated i n  a 
current l i m i t  mode. 
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The ionization chamber poten t ia l  supply is un- 
regulated, but t h e  accelerator supply employs a 
se r i e s  regulator i n  t h e  56-v supply for voltage 
regulation. 

The other supplies each employ a single-pulse- 
width-modulated inver te r  and operate in  a current 
l i m i t  mode. Overloads a r e  sensed by d-c current 
transducers i n  t h e  two high voltage supplies, and 
shutdown is accomplished by remwing the 28-v d.c. 
t o  t h e  two drivers. This remwes a l l  power except 
t h e  bo i l e r  heater supply. R e s e t  is automatic after 
4 sec. The response for shutdown is 12 msec for 
accelerator overloads and 6 msec for t h e  ionizer 
chamber overloads. 

All supplies a r e  recycled full-on with t h e  ex- 
ception of t h e  cathode heater where one-half power 
for 4 sec was necessary during varmup. 

A l l  control signals, except f o r  t he  boi le r  
heater control, a r e  referenced t o  ground potential. 
The bo i l e r  temperature is regulated by a thermistor 
sensing element. 

Space l imi ta t ions  allow tuu packages, and they 
are  divided as shown i n  Fig. 5A. A l l  currents and 
voltage measurements are converted for 0- t o  5-v 
d-c signals f o r  telemetry. 

Originally, t h e  TRW contractural  e f fo r t  was 
l i m i t e d  t o  packaging a power supply designed and 
breadboarded by NASA Marshall Space Fligkt Center, 
Huutsville, Alabama, but tested for only 1/2 hour 
with a well-behaved thrustor.  The arcing problem 
diminishes with time as thrus tors  clean up under 
vacuum operation. After packaging, integration was 
attempted with a f l i g h t  model ion thrus tor  and 
problems were encountered. As a result, t h e  TRW 
contract vas changed t o  a design and development 
e f for t .  

The f i n a l  design incorporated zener diodes 
across all inver te r  t r ans i s to r s  and e lec t ros ta t ic  
shielding i n  the  transformers. The boxes were 
pressurized t o  eliminate t h e  high-voltage-corona 
e f fec ts  during operation in  vacuum tanks with t h e  
mercury plasma. 

An electronic shutdown of t h e  supply under 
t rans ien t  arcing conditions prwed too  f a s t  fo r  
proper operation of the Lewis thrustor. A cer ta in  
amount of energy i n  t h e  a rc  w i l l  smetimes clean up 
t h e  source of t h e  or ig ina l  discharge and prevent a 
recurrence. 
prwed ef fec t ive  for t h e  Lewis thrustor.  

A r e l ay  operated overload shutdown 

TRW found that mercury vapor tubes could be 
used e f fec t ive ly  t o  simulate engine arcing f o r  
bench tes t ing .  
werload charac te r i s t ic  with a la rge  amount of suc- 
cess. 
power tubes i n  t h e  development of a sa t i s fac tory  

These tubes give a sa t i s f ac to ry  

TRW employed simulation techniques with 

supply. 

DEVELOPMENP OF IARGER I O N  ROCKEJ! SYSTEXS 

Thrustors 

Larger t h t o r s  (up t o  30 kw) are being de- 
veloped for ground t e s t ing  t o  study t h e  e f fec ts  of 
scaling and interactions between adjacent 
thrustors.  One thrus tor  is being developed by the  

m h e s  Aircraft  Company under NASA contract 
i?AS 3-4109. The thrus tor  is a strip-beam unit  that 
has t he  performance goals l i s t e d  in  Table IV. 

A second 3-kw th rus tor  is being developed by 
t h e  Electro-optical Systems, Inc. under NASA con- 
t r a c t  NAS 3-2516. The performance goals are listed 
i n  Table IV. This th rus tor  is an electron- 
bmbardment type that employs a self-heating or 
aut ocathode. 

Power Condi t ion iq  

A t  the present time, no development work IFLEI 
been done t o  p rwide  power conditioning for the 
EOS 3-kw thrustor.  
Hughes 3-kw th rus tor  is being developed by t h e  
Hughes Aircraft  Campany under NASA contract 
IYAS 3-3565. The estimated power requirements for 
this thrus tor  a r e  listed i n  Table V. 

The p m r  conditioning for t h e  

The design approach shown in Fig. 6 required 
two Hughes SEKJ! I s t y l e  bridge inverters for handl- 
ing the  power for  the  ionizer po ten t ia l  supply, 
which is unregulated and is obtained by series add- 
ing the  outputs of a pair of bridge r e c t i f i e r s  that  
are excited by t h e  separate inver te rs  and output 
transformers. The supply i s  capable of being turn& 
on i n  s teps  of one-half or full-on and employe mer- 
load protection by clamping t h e  inverter drive. 

The accelerator supply employs a s ingle  bridge 
inverter, a transformer, and a r e c t i f i e r  and is 
regulated i n  a way that the  t o t a l  accelerating po- 
tential (ionizer-accelerator) is held constant. 
Series regulation is accomplished by a 2-kc switch- 
ing regulator for pulse width modulation of t h e  56-v 
primary power. An L-C f i l t e r  p rwides  smooth d.c. 
t o  t he  inverter.  

mm1c pR0puIs10N MISSIOXis 

A possible ear ly  mission f o r  e l e c t r i c  propul- 
sion is a t t i t ude  control and station-keeping of 
synchronous, stable,  platform s a t e l l i t e s .  Thrustor 
system development for such a mission is being car- 
r i ed  out under RASA contract NAS 3-2510. Ground 
t e s t ing  of this system is proceedTng t o  demonstrate 
f e a s i b i l i t y  and long l i f e  under pulsed operation i n  
a simulated space environment. 
conditioning-system capacity (u0C1-w peak) w i l l  
allow simultaneous station-keeping and a t t i t u d e  con- 
t r o l  about t h ree  axes. The power requirements for 
this system a r e  l i s t e d  i n  Table VI .  Since t h e  
engines a re  operated i n  a law duty cycle, t h e  bulk 
of t h e  engine p m r  is handled by two H u g h e s  SERT I 
inverters, which a r e  switched on by command frm 
t h e  control system when engine thrust is required. 

In order t o  conserve weight, t he  design employs 

The power- 

s i l i con  controlled r e c t i f i e r s  (Sm) for switching 
t h e  a-c loads. Switching is accomplished i n  t h e  
secondary of t h e  transfonner, which is elevated t o  
t he  ionizer potential ,  so a s ingle  transformer can 
be common t o  severa l  engines. Hence, t he  most 
c r i t i c a l  design areas were t h e  SCR - a-c switching. 
Since t h e  SCR's are referenced t o  t h e  1.5-kv ion- 
i z e r  potential ,  t h e  SCR's heat sinks, f i r i n g  trans- 
formers, and gate-firing networke were incorporated 
into potted modules. 
t o  have close control w e r  t h e  high-voltage- 
insulation in tegr i ty .  
d i r ec t ly  from t he  power control log ic  a t  ground 

This was essent ia l  i n  order 

These mmides a re  controlled 

Page 3 



potent ia l .  On command, the desired switching path 
f o r  t h e  a-c power supplies t o  t h e  appropriate engine 
load is completed. 

A one-axis system is presently being evaluated 
at t h e  Lewis Research Center, after having been de- 
veloped and b u i l t  by t h e  Hughes Research Labora- 
t o r i e s .  The one-axis system consists of a pod con- 
ta in ing  t h r e e  thrustors,  controls, a propellant 
system, and a power supply. Each pod will contain 
t w o  strip-beam 2.2XlO-3 newton thrus tors  f o r  at t i-  
tude control and an annular-beam 6.7X10'3 newton 
thrust or f o r  stat ion-keeping. 

I n i t i a t i o n  and termination of thrust w i l l  be 

If 
accomplished by the opening and closing of a valve 
i n  t h e  propellant feed l i n e  t o  each thrustor .  
c lose tolerance thrust levels  prove t o  be desirable,  
voltages t o  the accelerator electrodes can be con- 
t ro l led .  

There are also s c i e n t i f i c  missions.that can be 
performed by a 3-kw solar-powered e l e c t r i c  sa te l -  
l i t e ,  which are presented i n  d e t a i l  i n  reference 4. 
These missions include t h e  s p a t i a l  survey of t h e  in- 
t e n s i t i e s  of t h e  energetic par t ic les  trapped i n  t h e  
earth 's  magnetic f i e l d  and a world magnetic survey. 

In  t h e  power ranges above 3 kw, simple mission 
analysis  calculations indicate t h e  great dependency 
of e l e c t r i c a l l y  propelled spacecraft-performance on 
e l e c t r i c  power sources. Specific power, t h e  r a t i o  
of power output t o  weight, is extremely important. 
The grea te r  t h e  specif ic  power of t h e  power source, 
t h e  greater  t h e  payload capabi l i t i es  of t h e  space- 
c raf t ,  o r  t h e  greater t h e  spacecraft acceleration, 
t h e  shorter  is i t s  f l i g h t  time f o r  a given mission. 
With maximum specif ic  power as a goal, system anal- 
y s i s  is  needed t o  determine t h e  optimum e l e c t r i c a l  
conversion equipment required between t h e  prime 
power source and the  e l e c t r i c  thrustors .  
re la t ing  t o  t h e  preceding optimization is being done 
by t h e  Westinghouse Electr ic  Corporation under 
NASA Contract NAS 5-1234. 

Some work 

Elec t r ic  propulsion systems f o r  t h e  power 
leve ls  above 3 kw are expected t o  u t i l i z e  c lus te rs  
of ion thrustors .  The s i z e  of these thrus tors  would 
be determined by t h e  s t a t e  of t h e  art, performance, 
system weight, and r e l i a b i l i t y .  System analysis, 
including t h e  parameters of the nuclear power 
source, t h e  power-condit ioning equipment, and t h e  
e l e c t r i c a l  propulsion devices, is needed t o  a r r ive  
a t  a minimum system weight. Power conditioning f o r  
these  high power systems w i l l  require extensive ef-  
f o r t  i n  component development f o r  t h e  high tempera- 
ture and nuclear radiat ion environment. 

SOME PROBLEW I N  POWER CONDITIONING 

One of t h e  c r i t i c a l  components t o  be consid- 
ered i n  t h e  power conversion system is t h e  power 
switching devices. Due t o  t h e  inherent character- 
i s t i c  of t h e  ion thrus tor  t o  a rc  between t h e  high 
voltage electrodes, t h e  capabi l i ty  of l imiting t h e  
power i n  t h e  arc  is essent ia l .  I f  t h e  a r c  should 
continue, because of t h e  capabi l i t i es  of t h e  power 
source, t h e  electrode s t ructures  would probably be 

4R. N. Olson and R. A. Boucher, "Need Elec- 
t r i c  Propulsion Wait f o r  t h e  Development of 
Nuclear Power Sources" AIAA Paper 63035. 

destroyed, and the thrus tor  would fail.  In  t h e  nor- 
m a l  mode of engine operation, a delay of several  
seconds and a sof t  turn-on could clean up t h e  elec- 
troded and allow t h e  engine t o  continue thrust ing.  

There are several NASA contracts  t o  extend t h e  
state-of-the-art  technology of power conversion 
components. 
E lec t r ic  Company is t o  develop technology and fabri-  
ca te  e l e c t r i c a l  switchgear, contactors, and c i r c u i t  
breakers, su i tab le  f o r  use i n  space nuclear elec- 
t r i c a l  systems. 
Also developing high temperature ceramic rec t i f ie rs ,  
thyratrons, and voltage regulator tubes f o r  long- 
term use i n  space nuclear e l e c t r i c  power systems 
under NASA Contract NAS 3-254.8. These contracts  a r e  
directed by t h e  Space Power Systems Division at t h e  
Lewis Research Center. 

Contract NAS 3-2546 with t h e  General 

The General Electr ic  Company is 

Because of t h e  importance of t h e  breakdown and 
arcing phenomena i n  ion thrustors ,  an experimental 
program was undertaken at t h e  Lewis Research Center 
t o  ident i fy  t h e  breakdown and arcing phenomena i n  an 
electron-bombardment ion thrustor .  Stover5 presents 
the nature and general  features  of these  phenomena. 
H e  suggests the poss ib i l i ty  that breakdown is  caused 
by a high f i e l d  resu l t ing  from t h e  col lect ion of 
posi t ive ions on a t h i n  nonconducting contaminant 
f i lm on that electrode. It would seem obvious t h a t  
i n s t a b i l i t y  and se l f  -extinct ion of low-current a rcs  
should occur following breakdown, with low- 
inductance c i rcu i t s .  Self-extinction was observed, 
but of ten t h e  a r c  persisted.  Stover postulates  
t h a t  f i lms of contaminants on t h e  electrode systems 
a l s o  caused sustained arcing. Perhaps improved 
prelaunch and postlaunch techniques of th rus tor  
conditioning can lead t o  a minimum amount of sus- 
ta ined arcing, but t h i s  problem cannot be over- 
looked i n  t h e  design of power-conditioning circui-  
try. 

POWER CONDITIONING FOR 30-kw THRUSTORS 

The maximum s i z e  of a thrus tor  i s  l imited by 
t h r e e  factors :  
a t o r  system, (2)  t h e  mater ia l  consideration because 
of high operating temperatures, and (3 )  fabricat ion 
l imi ta t ion  due t o  c r i t i c a l  dimensions. A reason- 
able  assumption, based on present and expected im-  
proved technology might be a 30-kw thrustor .  This 
s i z e  w i l l  be  subject t o  change as development of 
th rus tors  progresses and t h e  mission requirements 
become known, but it should not vary t o o  dras t i -  
cal ly .  
f o r  propulsion, t h e  la rger  thrustors  w i l l  be ob- 
ta ined by using clusters  of the  30-kw unit ,  and t h e  
power d is t r ibu t ion  w i l l  be i n  t h e  same proportions 
as is presented here. 

(1) The ion opt ics  of t h e  acceler-  

When considerably more power is  t o  be used 

Fig. 7 i l l u s t r a t e s  t h e  power d is t r ibu t ion  that 
might be expected i n  a 30-kw electron-bombardment 
ion thrus tor  as a function of t h e  specif ic  impulse 
(high propellant exhaust veloci ty) .  The specif ic  
impulse is  equal t o  t h e  thrust divided by t h e  pro- 
pel lant  mass flow r a t e  or by t h e  equation 
Isp = 123 q f S ,  where 'pnet i s  t h e  ionization 
chamber poten t ia l  and qf is  t h e  propellant 

5J. B. Stover, "Electr ic  Breakdown and Arcing 
AIAA Paper i n  Experimental Ion Thrustor Systems," 

6305 7-6 3. 
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u t i l i za t ion .  The thrus tor  that these curves repre- 
sent is s l i g h t l y  d i f fe ren t  from t h e  Lewis electron- 
bombardment thrus tor  previously discussed, as it 
uses cesium as t h e  propellant and employs an arcing 
autocathode i n  t h e  ionization chamber. The ion 
beam current and voltage for both this electron- 
bombardment thrus tor  and a contact-ionization 
thrus tor  are presented i n  Fig. 8 as a function of 
t he  spec i f ic  impulse. As the spec i f ic  impulse in- 
creases, both t h e  beam power and t he  ionization 
chamber poten t ia l  increase, but the beam current de- 
creases. 

Most of t h e  power i n  a thrus tor  goes in to  t h e  
ion beam where it is converted in to  thrust. The 
po ten t i a l  of t h e  ionization chamber is always i n  
the d-c kilovolt  range t o  provide t h e  desired high 
spec i f ic  impulse. The propellant u t i l i za t ion  used 
i n  determining t h e  curves f o r  t h e  electron- 
bombardment th rus to r  i s  90 percent. The regulation 
of t h e  ionization chamber poten t ia l  could be about 
5 percent for a 0.80 t o  full-load operating range, 
because it would a f fec t  t h e  thrust. Ripple would 
a l so  be permissible a t  about 5 percent l eve l  even 
though it would mean a s l i gh t  decrease i n  thrust. 
The impedance of t h i s  load would be almost ent i re ly  
res i s t ive ,  but the  current would be determined by 
the  amount of ionization i n  the  ionization chamber. 

The accelerator voltage would be the  other 
high voltage supply in t h e  thrustor.  It is esti- 
mated that t h e  current w i l l  be about 1 percent of 
t h e  beam current, except during high voltage arcing. 
The accelerator supply, operating under normal con- 
dit ions,  would need a l i m i t e d  amount of power, but 
it m u s t  be protected f ran  transients.  The load 
would be very s l i g h t l y  capacitive, but its current 
would be determined primarily by the  ion beam cur- 
rent.  Again, it would be desirable t o  have a maxi- 
mum of 5 percent r ipp le  and 5 percent voltage regu- 
l a t ion  between 0.80 t o  full-load conditions. The 
voltage of t he  accelerator is d.c. and is  assumed 
equal i n  magnitude t o  t h e  ionization chamber po- 
t en t i a l ,  but t h e  polar i ty  is  negative. 

The arc-ionization power supply might be the  
most c r i t i c a l  supply i n  this thrus tor  system. 
Floating at t h e  ionization potential, t he  a rc  po- 
t e n t i a l  is  assumed t o  be 6 v d . ~ . ,  but t he  current 
was assumed t o  be 110 times the  beam current. The 
supply should be current regulated t o  1 or 2 per- 
cent i n  the  0.80 t o  full-load range, and r ipp le  
should be minimized, since thrust is d i r ec t ly  re- 
l a t ed  t o  a rc  current. The load would be that of a 
low voltage arc.  

The neut ra l izer  heater power YBS assumed t o  be 
20 wlemitted amp, t h e  neutralizer being a wire f i l -  
ament on t he  downstream s ide  of t he  accelerator 
electrodes, thermally emitting an electron current 
equal t o  t he  beam current. This supply should be 
current regulated, although it could be about 
10 percent i n  t h e  0.80 t o  full-load range, and it 
could be a.c. o r  d.c. The load vould be en t i r e ly  
res i s t ive ,  but it might change as much as tenfold 
from cold t o  emitting temperature. This supply 
would be at ground potential .  

The electron-bombardment thrus tor  a l so  needs 
a magnetic f i e l d  supply. This supply would see an 
inductive load, although the  c o i l  windings a re  
spread out thus minimizing t h e  inductive effect .  
Permanent magnets, t o  generate t h e  magnetic f ie ld ,  

have not been used i n  this analysis because long- 
term clustering e f fec ts  have not been evaluated, a l -  
though t h r u s t o r s  with permanent magnets have been 
operated. 

The propellant system supply was assumed t o  be 
100 w f u l l  load, e i the r  a.c. or d.c. This supply 
would be at the  ionization chamber potential .  
propellant supply would provide heat for  t h e  propel- 
l an t  storage tanks and t h e  propellant feed l ines .  
These temperatures would be required t o  be main- 
tained within a few degrees of a preselected level.  

The 

It is very probable that a l l  t h e  above men- 
tioned supplies w i l l  need t o  be controlled by l o w  
l eve l  signals near ground potential. The controls 
w i l l  provide on-off operation, solenoid valve con- 
t r o l ,  and perhaps voltage and current regulation. 

The contact-ionization-thrustor power distribu- 
t i o n  is  shown i n  Fig. 9. I n  t h i s  figure, t h e  ion 
beam power is  equal t o  t h e  beam current times t h e  
net po ten t ia l  of t h e  beam cpn. The principal as- 
sumptions made i n  calculating these  power curves are 
that (1) t h e  propellant u t i l i za t ion  qf is 96 per- 
ent, (2)  t h e  propellant is cesium, and (3) the  power 
radiated by t h e  ionizer is 870 w/beam amp. 
t h i r d  assumption is  from ac tua l  thrustor operating 
data of smaller units and represents t he  major power 
loss i n  t h e  thrustor.  

This 

The poten t ia l  t o  t h e  ionizer is a pos i t ive  d-c 
voltage, which determines the  operating spec i f ic  
Impulse. The current is the  beam current and is 
found i n  Fig. 8 as a function of t h e  specific im- 
pulse. It would be permissible t o  have a regulation 
of 5 percent within the  0.80 t o  full-load limits and 
a r ipp le  of 5 percent. The load would be en t i r e ly  
resist ive,  but t h e  current is determined by t h e  pro- 
pellant feed r a t e  and t h e  ionization efficiency. 

The most c r i t i c a l  power supply would be t h e  
Since t h e  operating tem- ionizer heater supply. 

perature is about 15W0 K and power is lo s t  by radi- 
a t ion  in proportion t o  t he  fourth power of the  tan- 
perature, any temperature higher than optimum w i l l  
resu l t  in  serious power losses. If t h e  t a p e r a t u r e  
f a l l s  below a minimum c r i t i c a l  temperature, the  
ionization process is stopped and t h e  thrus tor  fails 
t o  operate. Although t h e  power supply is f loa t ing  
at t h e  ionizer potential, the  power can be e i the r  
a.c. or d.c. The load would be res i s t ive ,  but t h e  
resistance changes 10 t o  1 or more from s ta r tup  t o  
operating temperature. 

The accelerator po ten t ia l  is a negative d-c 
voltage assumed equal in magnitude t o  the ionizer 
potential .  
again assumed t o  be 1 percent of t h e  ion beam cur- 
rent. Because an  attempt is  made t o  sh ie ld  the  
ionizer from heat losses, t he  ion optics f o r  t he  
accelerator a r e  c r i t i ca l ,  and the  accelerator vo l t -  
age should have 5 percent regulation i n  t h e  0.80 t o  
full-load range, but r ipp le  should be limited t o  
1 percent. 
l y  capacitive. 

The accelerator impingement current was 

The load impedance wou ld  be only s l igh t -  

The neut ra l izer  and propellant-feed-system 
supplies have t h e  same charac te r i s t ics  as those 
described for the  neutralizer and propellant sup- 
p l ies  in  t h e  electron-bombardment thrustor.  The 
important fac tor  t o  emphasize is that the  propel- 
lant supply is a t  t he  ionizer potential .  Th i s  



system would also have t h e  same control requirements 
as those i n  t h e  electron-bombardment ion thrustor .  

CONCLUDING REMARKS 

Electr ic  thrustors  have proved t o  be a d i f f i -  
cu l t  load for so l id  state electronics.  There are 
several  peculiar character is t ics  involving both t h e  
environment and t h e  thrus tor  operating mode that 
have caused problems. 
t b r o u g h  integration procedures, these problems can 
be overcome. 

Through careful  design and 

The r e a l i t y  of an e l e c t r i c  propelled spacecraft  
i s  s t i l l  i n  t h e  d is tan t  future.  Because of t h e  im-  
portance of specif ic  power on mission success, every 
e f for t  should be extended t o  lower t h e  specif ic  
weight. An area of prime concern is i n  t h e  conver- 
sion of t h e  primary voltages in to  voltage su i tab le  
f o r  e l e c t r i c  thrustors .  Technology programs a r e  
now being directed i n t o  t h i s  area, but more r e l i a b l e  
and higher temperature operating cmponents a r e  
needed. 

e 
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Ion beam outside diameter, m 
Overall th rus tor  diameter, m 
Thrustormass (includingmount), kg 

S p e c s i c  impulse, sec 
T o t a l  input power, v 
Pover efficiency, percent 
Prapel lant-ut i l izat ion efficiency, 

Thrustor, newtons 
Beam current, amps 
current density, amps/n2 
Beam perveance, micropem 

Propellant 

percent 

Hughes 
lhrustor 

Levis 
Thrust or  

0.1 
0.19 
4.2 

Mercury 
5000 
1400 

50 
80 

28. 5f10'3 
0.280 

69 
2.24 

0.08 
0.1 
6.4 

Cesim 
9ooo 

750 
38 
96 

1. UO-3 
0.058 

35 
0.15 

W 11. - SERT I HUGHES IOX THElUSTOR POWER 

V2, Accelerator 1-2000 VdCl 2 ma 

(1) 5 percent r e g d a t i o n  (3) soft turn-on 

(1) 5 percent reguht ion  
(2) 5 percent r ipp le  

(3) 30-ma overload capacity 
(4) Overload shutdown 

Vg, Neutralizer b ias  (1) 5 percent regulation 
(2) 5 percent r ipp le  

VSy Boiler heater 

(1) 5 percent temperature regulation based on 
E-I  c h a r a d e r i s t i c s  of heater 

(1) 5 percent temperature by E-I character is t ics  of heater 
(2)  Floats a t  +5000 vdc 

V6, Ionizer heater 

V7, Feed valve 

(1) 5 percent temperature by E-I character is t ics  of heater 
(2) Floats a t  +5000 vdc 

(1; Floats at +5000 vdc 
(2)  Regulation f10 percent 



TWLE III. - SERT I LEWIS I O N  THRUSTOR FOWER REQUIREMENTS 

I supply Voltage Current Remarks 

I VI, Neutralizer heater I 10 Vdc I 20 amp \(I) Power provided by i so la ted  silver-zinc primary ba t t e ry  

V2, Boiler heater 30 vaC 3 amp (1) Thermistor control (3)  Floats a t  2500 vdc 

V3, Cathode Heater 20 amp (1) 2 percent r e f l a t i o n  (3 )  moa t s  a t  2500 vdc 10 vac 

V4, Anode 50 vdc 5 amp (1) 5 percent regulation (3 )  70 t o  80 vdc fo r  a rc  ign i t ion  

V5, Ionization chamber +2500 vdc 310 m a  (1) 5 p e r x n t  r ipp le  (3 )  Overload shutdown 

( 2 )  Only supply that remains on during shutdown 

(2)  One-half power for 4 sec during warmup 

( 2 )  5 percent r i pp le  (4) Floats a t  2500 vdC 

po ten t i a l  ( 2 )  Current l imi t ing  (4) Unregulated voltage 

(1) 5 percent r e f l a t ion  
( 2 )  5 percent r ipp le  (4)  Overload shutdown 

(3) Current l imiting 1 vg, Accelerator 

I 
10 vdc I 18 amp V7, Magnet (1) Power provided by i so la ted  silver-zinc primary ba t t e ry  

TABLE IV. - 3-kw-THRUSTOR PERFORMANCE CHARACTERISTICS 

Hughes th rus tor  EOS thrustor 

Overall f ron ta l  dimensions, m 0.10 by 0.13 0.17 diam. 
Engine mass, kg 5.5 2.3 
Propellant Cesium Cesium 
Specific impulse, sec 6000 69 00 

Power efficiency, percent 75 82.5 
Propellant-uti l ization efficiency, percent 98.0 91.5 

T o t a l  input power, kw 2.17 2.22 

Thrust, newtons 5. 3x10-2 5.ox10-2 
Beam current, amps 0.685 0.489 
Current density, amps/mz 150 78 
Beam perveance, micropems 5-68 1.78 

~~ .- 

TABIX V. - HUGHES 3-kw ION THRUSTOR POWER REQTEEMEWTS (ESTIMATD) 

I Supply I Voltage I Current 

I VI, Ionizer po ten t ia l  I +2400 vdc 1 650 m a  

1 V2, Accelerator 

I V3, Neutralizer b ias  I 100 vdc i 650 m a  I V4, Neutralizer heater 1 25 vac 1 1 1 
Q5, Boiler heater 25 vac 

V6, Ionizer heater 35 vac 20 amp 

Remarks 

(1) Unregulated ( 2 )  Overload shutdown 

(1) 5 percent regulation t o  keep sum 
( 2 )  Overload shutdown 

VI + V2 constant 

(1) 5 percent r e m a t i o n  

(1) 5 percent temperature r e f l a t ion  I 
(1) 5 percent temperature regulation 
( 2 )  Floats at 2400 vdc 

(1) 5 percent temperature regulation 
( 2 )  Floats a t  2400 vd 

~ 

(1) +-IO percent regulation ( 2 )  Floats a t  2400 vdc 
-~ 
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sum 
Ionizer potential 

I Accelerator 

Voltage Current Remarks 

+1500 vaC 200 ma 

Neutralizer heater 

Boiler 

Feed valve I 10 vac 

25 vaC 200 ma 

Ionizer heater (attitude) 1 -15vac 
~ 

5 amp (1) 120-w peak during warmup 

Ionizer heater (station keeping) I 45 vaC 

4 



W t K  

LeRC NEUTRALIZER 
VOLTAGE TRANSDUCER-. 

TELEMETRY SUBSYSTEM 
Le RC NEUTRALIZER 
POWER SUPPLY-, 

SIGNAL CONDITIONER 

HUGHES 
ION ENGINE 

'-HUGHES INVERTER 

TELEMETRY BATTERY J' 
PRECESSION , 
DAMPER ASS'YJ I 

/ 

1-1 

Pig. 1. - SERT I payload capsu le .  

rFOCUS 
I 
\ rACCELERATOR 

NEUTRALIZER 
HEATER7 

- -  

Hughes ion thrustor .  

ATOR 

Fig. 2 .  - Schematic diagram of 



r------1 

~-LL-lj-- IONIZER 

NEUTRALIZER 

FEED VALVE 

I 

1 2KC -1 AC AND DC BOXES 
SQUARE WAVE 
OSCILLATOR 

28vDC 7 
I "2 

' 
I 

I 

I NO. 2 I ACCELERATOR 

I I 

! 

RESET OVERLOAD - INVERTER - 4, 
TRIP DRIVER INVERTER I I ", 

INVERTER BOX 7 NEUTRALIZER 

'DC 
BATTERY 82r-l-i- IONIZER 

BOILER 
HEATER 

P1g. 38. - Sehematlc diagram of Sert I Hughes Ion thrustor power system 

ION ENGINE 

INVERTER 2KC SQUARE OUTPUT W A V d  ~~~~~~~ PULSE WIDTH P r H - 1  TRANSFORMER RECTIFIER AND FILTER , ~ ENGINE 

MODULATOR 

t- I 
VOLTAGE 

REFERENCE FEEDBACK 

F i g .  3b. - Concluded. Typical  r e g u l a t o r  f o r  Hughes i o n  t h r u s t o r  supply. 



SCREEN7 I-ACCELERATOR 

Fig. 4 .  - Schematic diagram of Sert I Lewis  ion thrustor power system. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I '  
I 

- 5  
ACCELERATOR > 

t 
~ v -  VOLTAGE 

REGUATOR 

REFERENCE 
OVERLOID 
SHUT- 
DOWN 

L-- 
r--' 
I 
I 
I 
1 
I 
I 
I 
I 
I 

I 
I 
1 
I 
L 
I 
I 
I 
I 
I 
I 
I 
I 
I 

ENGINE 



v -1 INVERTER H TRANSFORMER 

POWER 
SUPPLY 

t I 

-BOILER 

AMPLIFIER 
PULSE WIDTH 
MODULATOR 

POWER 
SUPPLY 

RECTIFIER 
AND FILTER 

-NEUTRALIZER 

Pig. bb.  - Concluded. Typical high-voltage power supply for Lewls Ion thrustar 

IONIZER 
POTENTIAL 

ACCELERATOR 

56V-8 



1 i 

Ii 
Ii + 
(u 

w 

a 2801- 

‘ION BEAM AND ACCELERATOR SUPPLY 

rNEUTRALlZER SUPPLY 
PROPELLANT 

I I 

01 I I I I I I 
5 6 7 8 9 IO I t  4 
EFFECTIVE SPECIFIC IMPULSE, 1000 SEC 

Fig. 7 .  - Power distribution of 30-kw-module cesium electron-bmbard- 
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